Grainge and Jayaram, 1999). Three of these, R191, H305,
Figure 1. Proposed Mechanism of Site-Specific Recombination Catalyzed by the Tyrosine Recombinases
Two DNA segments are synapsed by a tetramer of the recombinase, carrying a tyrosine nucleophile in each active site. Only two of the four monomers are active at a given time, as indicated by the green circles. These tyrosines directly attack the scissile phosphodiester bonds, resulting in covalent 3Ј phosphotyrosine intermediates. The 5Ј hydroxyl subsequently attacks the opposite phosphotyrosine, leading to the formation of a Holliday junction intermediate. Isomerization of the complex activates the other pair of tyrosines, initiating a second round of DNA cleavage and strand exchange reactions, which resolves the Holliday junction into recombinant products. though H305 is more important for religation than cleavAnother feature in which Flp differs from Cre is the length of the DNA spacer between cleavage sites. The age, and the equivalent lysine is not essential in the topoisomerases. These residues presumably localize Cre recombination site, loxP, has a 6 bp spacer, and recombination is very inefficient at sites with a 7 bp the scissile phosphate and stabilize the transition state.
The second arginine also binds a water molecule in spacer (Sternberg and Hamilton, 1981; Hoess et al., human topo I that may be the general base that accepts 1982). Flp's natural recombination target (FRT) has an 8 a proton from the attacking tyrosine (Redinbo et al., bp spacer (Figure 2a), but it readily recombines artificial 2000). Structural studies have highlighted two additional sites with 7 or 9 bp spacers (Senecoff and Cox, 1986). conserved residues: a lysine, and a tryptophan that is
Changing the length of the DNA in the center of the often replaced by histidine. This lysine in vaccinia virus complex would presumably change the relative orientatopoisomerase has been shown to be the general acid tions of the four monomers, raising the question of how that protonates the leaving 5Ј hydroxyl (Krogh and Shuthe half-of-the-sites activity is maintained in such a fleximan, 2000). Sequence comparisons had tentatively ble system. identified these residues as K223 and W330 in Flp, which
To address these questions, we have determined the our structure confirms (Nunes- lizes the tetramer, and the loops flanking this second 1999, and references therein). Jayaram and colleagues trans segment impart significant flexibility on the Flp showed that the active site tyrosine (Y343) is donated synaptic complex. Although Cre and Flp exhibit very not by the monomer bound adjacent to the cleaved similar half-of-the-sites activity, the protein-protein conphosphodiester (called cleavage in cis), but by a monotacts that presumably mediate communication among mer bound to one of the other three binding sites within monomers differ. Despite these differences, the overall the complex (cleavage in trans). This arrangement apgeometry of the Holliday junction in both complexes is pears to be unique to Flp and closely related recombisimilar. As Flp and Cre are so far diverged from one nases from other yeast plasmids (Yang and Jayaram, another that they may have evolved separately from 1994). These results have led to much experimentation ancestral topoisomerases, this geometry may be intrinand speculation focused on the question of mechanistic sically favorable for recombination. unity within the integrase family of enzymes ( intended to trap the covalent protein-DNA intermediate was also clear density for a phosphate on the 3Ј side of this base, which was not expected for T Ϫ4, as the (at the second step in Figure 1) . However, the reaction proceeded to form a nicked Holliday junction intermedisynthetic oligonucleotides used lacked terminal phosphates. ate with a 7 base spacer, as shown in Figure 2c . This was possible because (1) the sequence of our spacer
The phosphotyrosine intermediate is subject to slow hydrolysis and glycerolysis (Knudsen et al., 1997) , and allows the formation of 3 Watson-Crick base pairs adjacent to the active site in the "slipped" configuration during refinement it became clear our complex had undergone such cleavage at some point before data colshown, and (2) Flp efficiently recombines substrates whose spacer is one base shorter (or longer) than the lection. In all four monomers, the model that best fit the density contained nicked DNA and a free tyrosine, WT FRT site (Senecoff and Cox, 1986 ). That T Ϫ4 had been replaced by T Ϫ3 on all four monomers was clear although a small fraction of monomers 1 and 2 may still be in the phosphotyrosine form. This cleavage was in experimental electron density maps calculated using data from crystals in which every T in the top strand (as confirmed by denaturing gel electrophoresis of a redissolved crystal. shown in Figure 2b f The initial native data set was obtained by merging native1 and native2; native2 provided the low-resolution data that were missing in native1. This data set was used in most of the refinement process, whereas native1 only was used in the final stages of refinement. The cutoff used in data processing, I/I, was Ϫ3, whereas the cutoff for refinement, F/F, was 0. g R ϭ ⌺|F obs Ϫ F calc |/⌺F obs ; 10% of data were excluded from refinement and used as a test data set to calculate R free .
described above (total molecular weight, 238 kDa). The forces. The complex as a whole is a rather loosely packed, flexible entity. This reflects flexibility within indistructure was determined by a combination of multiwavelength anomalous dispersion (MAD) and multiple vidual monomers rather than a lack of intermolecular contacts. isomorphous replacement with anomalous scattering (MIRAS) (see Experimental Procedures; Table 1 ). Initial
The differences between the pairs of dyad-related monomers reflect the half-of-the-sites activity of the enphases were improved by solvent flattening, histogram matching, and averaging about the noncrystallographic zyme. As discussed in more detail below, monomers 1 and 2 (as numbered in Figure 3 ) appear to be in an active symmetry ( Figure 2d ).
The final model is missing only a few turns that were conformation, whereas the catalytic sites of monomers 3 and 4 are crippled by displacement of the nucleophilic too poorly ordered in the electron density map to be modeled. It has been refined to a resolution of 2.65 Å , tyrosine (Y343) away from the scissile phosphate. The relationship between the N-and C-terminal domains resulting in working and free R factors of 24.9% and 29.7%, respectively. 85.6% of the nonglycine protein also differs by a few degrees between the two pairs of monomers. Monomers 3 and 4 are less well ordered residues lie in the most preferred regions of the Ramachandran plot, as defined by PROCHECK (Laskowski et than the other pair, particularly in their N-terminal domains. This correlates with the fact that they are less al., 1993).
The contacts among tetramers in the crystal are uninvolved in crystal packing, but it could also reflect functional differences between the two pairs of monomers. usual in that the DNA ends do not stack together to form pseudo-continuous helices, but are either solvent Based on a topological analysis of reaction products, the synaptic complexes of Flp and related recombinases exposed or packed onto the surfaces of neighboring complexes.
were proposed to have a preferred chirality ( the active site Y343. Within the complex, the monomer forms a ring that fully encircles the bound DNA.
The active site and part of the DNA-binding site reside in the C-terminal domain. Most of this domain, except for the connectivity of helix M, is structurally homologous to the catalytic domains of the other tyrosine recombinases as well as the type IB topoisomerases (Wigley, 1998) . Residues 362-423, which comprise a C-terminal extension not found in these structures, do not form an independently folded domain. Instead, they form a ␤ hairpin and three short helices that pack onto the opposite face of the C-terminal domain from the DNA. The hairpin makes some protein-protein contacts within the tetramer, but the main function of this region may be to anchor the returning polypeptide chain after the domainswapped helix M.
The N-terminal domain, residues 2-107, is structurally unrelated to the N-terminal domains of other family members, and we found no significant structural homologs for it in the protein data bank using the Dali webserver (Holm and Sander, 1993 The DNA in our crystals is shown in Figure 2 . Flp specififrom monomer 1 can be located in the electron density, its hydroxyl lies almost 10 Å away from its target phoscally recognizes the 13 bp inverted repeats outside the cleavage points but interacts only nonspecifically with phorus atom. We therefore refer to monomers 1 and 2 as the "active" pair, and monomers 3 and 4 as the "inactive" the spacer region. As discussed above, the DNA in the crystal forms a nicked Holliday junction with a seven pair.
Of the other conserved active site residues, R191, base spacer. The first three bases of the overhanging bottom strand are base paired with their recombinant H305, and R308 bind the scissile phosphate in both pairs of monomers (Figures 4 and 5) . K223 is hydrogen partners, although the geometry of the centermost base Most of the contacts seen between Flp and the DNA sequence-specific interaction with this domain is seen: K82 is hydrogen bonded to G5 in the major groove. involve the phosphate backbone rather than the bases. However, there may be additional water-mediated interHelix B lies in the major groove but makes only watermediated contacts with the bases. Y60, whose mutation actions that cannot be detected at the resolution of our structure. Higher resolution structures of Cre show a causes decreased DNA binding and catalysis (Chen et al., 1991), extends from helix B to contact the phosphate rather heavily hydrated protein-DNA interface with similarly sparse direct contacts (Guo et al., 1999) . between bases 3 and 4, opposite the scissile phosphate ( Figure 5 ). The N-termini of helices B and A1 also contact The C-terminal domain, which is largely responsible for the sequence specificity of Flp, spans the major phosphates. Interestingly, P2 at the very N terminus of the protein appears to impede the latter interaction, and groove at the center of the recognition sequence and contacts both flanking minor grooves as well. Helix J the mutation P2S significantly improves the thermostability of the reaction (Buchholz et al., 1998). lies in the major groove, and the 24Њ bend compresses this groove around it. Two residues from this helix contact bases directly: K285 to O2 of T Ϫ13, and R281 to Isomerization of the Intermediate and Branch Migration O6 and N7 of G11. The importance of this last interaction in specificity is supported by two observations: changes To switch from Holliday junction forming to resolving mode, the complex must isomerize such that the active at position 11 result in dramatic defects in recombination (Senecoff et al., 1988) , and although several other yeast pair of monomers becomes inactive and vice versa. We Relationship with Topoisomerases However, there are probably other more subtle factors
The catalytic domain structure that is conserved beinvolved in determining which pair of catalytic centers is tween Flp and other site-specific recombinases is reactive that cannot all be determined from one structure. markably similar to that of the type IB topoisomerases As discussed below, the turn between helices M and N crosses between monomers in the Cre complex as (reviewed in Wigley, 1998 It has been suggested that DNA relaxing, or "topoisom- instead of a special enzyme, may be sufficient to resolve
